Introduction
The progresses achieved in the last two decades in genetics and biotechnology have encouraged the development of new therapeutic entities based on protein drugs [1, 2] . Up to now protein therapeutics have to be applied via the parenteral route, with common protein concentrations varying between 0.1-25 mg/ml, depending on the used protein. Interferon therapeutics are presented as low concentration dosage forms, whereas antibodies can be formulated at much higher protein concentrations.
For immunoglobulins the preferred route is a subcutaneous application. However, for these therapeutics the doses per application are quite high reaching protein concentration up to 100 mg/ml. For such protein dosage forms, beyond chemical stability, physical and colloidal stability of the protein in an aqueous solution becomes of high relevance [3] [4] [5] [6] [7] . The main physical degradation encountered is protein aggregation, which reduces bioactivity and product quality [8, 9] . Furthermore, such protein aggregates are potentially immunogenic [10] .
An important aspect to retain the biological activity of proteins is to maintain the protein structure in a specific, three-dimensional conformation [11] . This conformation, which can be investigated using different spectroscopic techniques [12] [13] [14] , is only marginally stable with the free energy for the unfolded to folded, native state ∆G u-f lying between -30 to -80 kJ·mol -1 . Thus, fairly small perturbations in the secondary and tertiary proteins structure can induce a strong loss of biological activity. Changes of the secondary structure are also known to be one cause for the formation of protein aggregates [13] . A number of process steps can injure the threedimensional protein structure like: sterile filtration, adsorption to interfaces, agitation, shear stress, freezing and thawing, drying via lyophilisation or spray drying, just to mention a few possible steps in the production of biopharmaceuticals [15, 16] .
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT

5
To stabilise proteins in aqueous solutions, various excipients are used to increase the conformational stability against chemical and physical degradation [17] [18] [19] [20] [21] [22] . Especially for the prevention of physical degradation, surface active agents like detergents are often necessary [17, 18] . Therefore, a number of biophysical techniques are used to investigate and understand protein-excipient interactions [6, [23] [24] [25] [26] [27] [28] [29] [30] . Detergents are amphiphilic in nature, containing a hydrophilic head group and a hydrophobic part, and this dual property causes detergents to adopt a specific orientation at interfaces and in aqueous solutions.
In the literature a number of various mechanisms are discussed by which detergents may prevent protein damages and increase colloidal stability. Timasheff and coworkers [31, 32] have developed a theory explaining the protein stabilisation effect, induced by the presence of detergents, being related to a preferential exclusion mechanism. Another theory considers the amphiphile nature of detergents. This implies that detergents are arranged and ordered at interfaces affecting the kinetics and thermodynamics of protein interfaces. For systems containing e.g. water/air interfaces the detergent molecules equilibrate between the aqueous bulk phase and the interface [31] . Thus, accumulation of detergent molecules at the water/air interface is observed inducing the formation of a detergent film with the polar head group of the detergent pointing in the aqueous bulk phase and the protein molecules remaining in the bulk phase.
Some proteins show a more or less pronounced surface activity, with its driving force for adsorption being a reduction of the entropy of water molecules that are ordered around the protein domains, especially arranged around the hydrophobic protein patches, when the protein is in an aqueous phase. Due to the fact that proteins show a certain surface activity, there will be a competition between protein and detergent
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6 molecules with regards to the accumulation at the water/air interface (co-adsorption), thus reducing the amount of proteins at the water/air interface. This is beneficial, because it is known that a number of proteins unfold irreversibly when exposed to the water/air interface. Roth et al. (2000) [33] have shown that the detergent polysorbate 20 is able to displace β-lactoglobulin molecules from the water/air interface, and as a consequence, the protein concentration at the water/air interface is strongly reduced.
This effect may be beneficial for the stabilisation of the protein in solution.
Surface adsorption is also relevant for other interfaces, as an example glass, tubing materials etc. As predicted by the Gibbs adsorption isotherm, the adsorption of detergents to interfaces will lower the surface tension. Considering a co-adsorption of detergent and protein molecules at an interface the protein driving force for surface adsorption will be lowered.
The protection effect related to the surface activity of the compounds in solution depends on the nature of the protein and detergent, is concentration-dependent and depends strongly on the CMC (critical micellar concentration) of the detergent.
Another mechanism attributes to certain excipients a "chemical chaperon" activity, aiding the refolding of protein, shifting the equilibrium to the native protein state and with this increasing protein stability [18] .
Also changes of the protein hydration properties in the presence of excipients have been considered with regard to stability [34] [35] [36] .
A further mechanism, often presented, considers a direct interaction and binding of the detergent with the protein [30, [37] [38] [39] . It is discussed that such a binding is especially observed for proteins having hydrophobic amino acid residues close to the water interface. As a consequence, the binding of detergent molecules to such In a number of cases there is a detergent-dependent concentration optimum needed in order to stabilise the protein in solution [9] . Below this optimum protein aggregation is observed, at the optimum aggregation inhibition is induced, and with increasing the detergent concentration protein aggregation is again detected. These effects depend on the properties of the protein and detergent and up to now can not be predicted. 
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Experimental
Materials
The immunoglobulins were produced by mammalian cell culture technology. The purity of the proteins was determined by size exclusion chromatography and sodium dodecyl sulphate polyacrylamide gel electrophoresis [42] .
The monomer content of all IgG1 samples was > 99% (based on high performance size exclusion chromatography [42] ). The concentration of the IgG sample solutions were determined by UV-measurement at 279 nm using an absorption of 1.32 for a 1 mg/mL solution (path length d = 1 cm).
Human serum albumin was purchased from Sigma-Aldrich GmbH (Munich, Germany). Two qualities were used. Albumin from human serum (99 % pure based on agarose gel electrophoresis) denoted in this study as HSA and an human albumin 
Differential scanning calorimetry
Differential scanning calorimetry (DSC) experiments were performed with a cap-DSC show reproducibility of the results. The heat capacity curves were analysed using the ORIGIN ® software. The denaturation temperature is determined as the maximum of the heat capacity curve, which is obtained with a precision of +/-0.1 K.
Isothermal titration calorimetry
The calorimetric titration experiments were performed using a VP-ITC from . The effect of these detergents was investigated in concentration ranges of pharmaceutical relevance (0-2 mM). Higher detergent concentrations were not considered.
A C C E P T E D M A N U S C R I P T
Interaction of polysorbate 20 and 80 with human serum albumin (HSA)
A typical titration experiment consists of a step by step titration of detergent to a protein solution at a constant temperature. Each injection induces an exothermic reaction ( The results presented in Fig. 2 show, with increasing the temperature, the reaction enthalpy being reduced and becoming less negative. Such a temperature induced behaviour shows that entropic effects reduce the interaction of the detergent to the protein. The detergent to protein molar ratio is 1 -2. However, higher binding ratio has been described for non-ionic detergents. For example, the non-ionic detergent Triton X-100 binds to bovine serum albumin with a maximum of four detergent molecules per protein [37] .
Using a binding model considering just one set of sites [43] , the binding constant K a as well as the thermodynamic parameters ∆H 0 (change in enthalpy) is obtained. ∆G Comparing the polysorbate 20 binding interaction of HSA with the corresponding BSA (bovine serum albumin) interaction one observes a very similar pattern (Fig. 3) . 
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Interaction of polysorbate 20 and 80 with human serum albumin fatty acid free (HSA-FAF)
The reaction enthalpies for the titration of polysorbate 20 and 80 to fatty acid free HSA (HSA-FAF) are exothermic ( Fig. 1) as observed for the other albumins. With increasing the temperature the reaction enthalpy decreases (Fig. 2) (Fig. 3) . This shows that the binding constant of the detergent to HSA-FAF is slightly larger, compared to the HSA-system.
Comparing the thermodynamic signatures of the three investigated albumins (Fig. 3) one can deduce that the binding mechanism of polysorbate to the albumins is very similar. The free energy ∆G 0 is similar for the three systems. The favourable and larger reaction enthalpy ∆H is counter-balanced by an unfavourable more negative ∆S. This is also observed by analysing the temperature dependency of polysorbate 20 interaction with HSA-FAF (Fig. 4) .
As described before, the polysorbate interaction with the albumin is also obvious from the analyses of the heat capacity curves. In contrast to the heat capacity curve of HSA, which shows two maxima, the heat capacity curve of HSA-FAF is represented by just one maximum (Fig. 5) . The two transitions observed in HSA are likely to be due to albumin fraction composed of fatty acid-bound albumin and fatty acid free albumin. The presence of the naturally occurring fatty acids in the HSA albumin fraction stabilise the albumin; the maxima of the heat capacity curve are shifted to higher temperatures for the HSA compound compared to its fatty acid free counterpart (HSA-FAF). This matches with the results published by Michnik et al.
(2006) [44] .
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The maximum of the denaturation temperature T m of HSA-FAF is located at 69.3 °C with a denaturation enthalpy ∆H m of 1025 kJ·mol -1 . The presence of polysorbate 20
( Fig. 5 , left) and polysorbate 80 (Fig. 5, right) induces T m -shifts to higher temperature.
In the presence of a detergent concentration of 2 mM, the protein T m is increased for both detergents by 2.3 K, indicating an interaction of the detergent molecules with HSA-FAF. An increase in ∆H m is also observed. In the presence of 2 mM detergent the denaturation enthalpy increases by approximately 25 %, for both polysorbates.
Interaction of polysorbate 20 and 80 with immunoglobulins (IgG)
The A similar effect is observed for lysozyme [52] . For bovine serum albumin this trend is also experienced, however the difference between the reaction enthalpies of the two detergent is smaller.
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The "strongest" interaction of the detergents with the three investigated immunoglobulins is found for ab 1, which is a IgG1 (see Fig. 9 ). Whether this can be 
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18 compared to the much stronger interactions described for the human serum albuminpolysorbate systems (see Fig. 5 ). These results are consistent with the ITC results.
Conclusions
The underlying study is focussed on the interaction of the non-ionic detergents To understand the polysorbate -human serum albumin interaction one has to consider the protein structure.
Human serum albumin is a heart-shaped, monomeric protein composed of 585 amino acids (molecular weight = 66.4 kDa). The secondary structure of HSA is mainly composed of alpha-helices (ca. 67 %), nearly entirely lacking beta-sheets.
Human serum albumin is organised into three homologous domains, which are labelled I, II and III. Each of these domains is subdivided into two sub-domains termed A and B. The latter share common structure elements [53] . The number of disulphide bonds is 17. They are exclusively intra-sub-domain disulphide bonds, which is the reason for the high thermostability of human serum albumin (see Fig 5. and discussion below). The solubility of human serum albumin is quite high; it is the major protein component of blood plasma with a concentration of 0.6 mM. As described above, the primary role of human serum albumin is the transport of fatty acids. Under normal physiological conditions 0.1-2 mol fatty acids bind to one mol
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19 human serum albumin. However, larger molar ratio of fatty acid to human serum albumin of 6:1 were reported, especially in the peripheral vasculature during fasting or extreme exercises, or under pathological conditions such as diabetes, liver and cardiovascular diseases [54] [55] [56] [57] [58] [59] .
Up to seven different binding sites have been reported in the literature with varying affinities for fatty acids. Dissociation constants in the µM up to nM range have been determined [53, 60] . From the crystal structure of fatty acid-human serum albumin complexes five of the seven binding sites are described as high affinity binding sites, The interaction of polysorbate 20 with the proteins is slightly stronger compared to polysorbate 80. Using a human serum albumin protein fraction where the fatty acid components were removed, a slightly stronger detergent binding constant compared to fatty acid containing human serum albumin is observed. This is in accordance with the fatty acid binding role of serum albumins, however, the effects are small, which leads to the conclusion that the serum albumin binding sites do not really fit to the fatty acid of the polysorbate. It is likely that this is due to steric hindrance effects of the detergent fatty acid upon binding to the albumins.
Although the colloidal stabilisation of immunoglobulins against physical stress is favoured by the presence of polysorbate 20 and 80 [51] , the presented results show that the protective mechanism is not related to a specific detergent-immunoglobulin binding. This is evident from our results, which have shown for three immunoglobulin 21 subtypes (IgG1, IgG2 and IgG4) that the binding of the detergent is quite negligible. the IgG subtypes. This is especially pronounced for IgG3, which shows an elongated hinge region. For the other three subtypes, used in this study, this is not so relevant [63] . For the three investigated immunogloblins, the presence of highly hydrophobic patches exposed to the solvent is not likely, because the detergent binding to the proteins is basically not observed.
Thus, as a consequence for the development of immunoglobulin biopharmaceuticals the presented results suggest that there is no specific detergent to protein A C C E P T E D M A N U S C R I P T Buffer composition: 25 mM sodium citrate, pH 6, 115 mM NaCl.
Fig. 9.
Comparison of the binding isotherms of polysorbate 20 to various proteins: human serum albumin (HSA) and human serum albumin fatty acid free (HSA-FAF) and three immunoglobulins denoted as ab 1, ab 2, and ab 3 (25 °C). Buffer composition: 25 mM sodium citrate, pH 6, 115 mM NaCl. 
30
